The purpose of this paper is investigation of the spectroscopic properties of Pr 3+ and Yb
Introduction
The development of new luminescent materials and progress in their studies depend on our understanding of physical processes in solids. The most suitable materials are large band gap inorganic lattices activated by rare earth ions. Optical excitations in these systems result either in a direct excitation of the luminescence center or in an excitation of the host lattice which partially transfers this energy to the emitting states of the activator [1] [2] [3] [4] [5] [6] [7] [8] .
Establishing of the mechanism of the energy transfer and the energy losses is usually possible using different energies of the excitation and the decay time measurements. New technologies are emerging emloying rare earth activators with the VUV and XUV excitation energy ranges.
Isolators are important both in medical applications as fast scintillators with high light yields and for color centers plasma display panels as well as ultraviolet tunable solid state lasers. A lot of fluoride and oxide crystals have been investigated for their scintillation properties and new phosphors, mainly codoped by Ce(III) and Pr(III) ions in different crystalline hosts, exhibit intense broad band emission due to the parity allowed electric dipol 4f NÀ1 5d 1 ! 4f N transitions (N = 1 and 2, respectively). Their decay times are about 10-50 ns. Thus they are good candidates both for ultraviolet tunable solid state lasers and for fast scintillator devices [1] [2] [3] [4] [5] [6] [7] [8] . The K 2 LaX 5 host is promising in this regard both as single crystals and powdered samples. Also, the small separations of the neighboring active ions and the formation of the polymeric chains in the structure make this type of crystals very interesting due to the cooperative interactions. It is important to note that the phonons frequencies of the oxides materials are much higher and the multiphonon relaxation processes are more efficient than in the halides [9] [10] [11] [12] . We have reported recently the spectroscopic and simulation results of the crystal field effects as well as the paramagnetic behaviour of K 2 (La,Pr)X 5 (X=Cl À ,Br À ) ternary halides [13, 14] . The excited states dynamics has been also investigated by us [15] [16] [17] . In this work the electron and vibronic transition probabilities and decay times as well as the up-conversion emission will be presented. The comparison will be made of the radiative transitions probabilities between the crystals and the powdered systems, which is critically important for powder laser applications. Employment of different excitation sources (c-and X-ray irradiation, 308 and 355 nm laser lines with different powers) has shown that the crystals under investigation are very sensitive to the energy of the excitation and can help in understanding of the radiative and non-radiative processes in the system under investigation. Some features in the upconversion fluorescence vary in the series of halides (Cl, Br, I). The non-radiative energy transfers between the Pr 3+ ions and the Pr 3+ -Yb 3+ ions have been observed and the up-conversion mechanisms will be proposed.
Experimental
The monocrystals of K 2 (La,Ln)X 5 (Ln=Pr 3+ ,Yb 3+ ) ternary halides with wide ranges of the active ions concentrations were obtained by the method described previously [17, 18] via the Bridgman technique. X-ray diffraction was used to check the purity and structure of the samples especially in the powered systems. ICP ES was used to control the concentrations of the active ions and the impurities in the investigated crystals. The synthetic conditions for all the synthesized ternary halides are given in Table 1 .
Spectroscopic measurements
Crystals were selected, cut and polished in a nitrogen dry box to a thickness required for the absorption measurements. They were closed between two quartz windows to protect them from moisture. A special prepared quartz tube was used to detect the emission spectra at 77 and 4 K.
The absorption spectra were recorded at 4 and 293 K with a Carry-Varian 500 Scan spectrometer equipped with an Oxford helium flow cryostat in the 200-25000 nm spectral range. Spectra of the solid Pr(III) ternary halide were obtained from the powder placed between two quartz windows in the UV region and from the crystal, also closed between two quartz plates, in the VIS and IR ranges. The halides in the powered forms were prepared as tablets under the pressure of 7 atm and used for the absorption measurements. The intensities of the f-f transitions were calculated by integration of an Gauss-Lorenz curve and transformed to the oscillator strengths values. The luminescence decay time measurements were performed using a Continuum OPO Surelite I (line 460 nm or 588 nm, 8 ns pulse) pumped by the third harmonic of a Nd-YAG laser (355 nm) and the 308 nm excimer laser line to determine the decay times of the emission in different spectral regions.
The emission spectra were obtained on an Action Research Corporation Spectra Pro 750 monochromator equipped with a Hamamatsu R 928 photomultiplier as the detector (resolution 0.01 nm) for comparison of the ternary chloride and bromide emission properties. The VUV behaviour of the chloride and bromide lattices was checked by the UV excitation spectra of the 3 P 0 ! 3 H 4 emission (at 394 nm) and the excitation emissions (k det 390-420 and 600-900 nm) between 10 and 300 nm as well as the respective emission spectra obtained by synchrotron radiation (DESY synchrotron, Hamburg Synchrotron Radiation Laboratory HASYLAB, Germany).
Results and discussion
The K 2 LaCl 5 crystallizes in the orthorhombic centrosymmetric space group Pnma-D (3), and c = 8.022 (2) Å [18] . It has been checked by the X-ray powder diffraction that doping the host matrices by the active ions does not change the structure. All the lanthanide halides of the K 2 La,LnX 5 type are isostructural with the ternary praseodymium chloride [19] .
The crystal structure of K 2 LaCl 5 consists of LaCl 7 polyhedra connected by the two common edges to form infinite chains running along the crystallographic b axis. The details of structures are described in [19] . The spectroscopic properties are affected by the relatively short intra-chain Ln-Ln distances ($4.5 Å ), which can promote the cooperative ion-ion interactions.
Complex absorption spectra at the room and liquid helium temperatures for K 2 (Fig. 2) . The absorption spectra of the diluted crystals are not so complex as the stoichiometric single crystals spectra (see Fig. 1 ). It confirms the strong ionion interactions in the pairs of the components appearing in the systems under investigations. The complex structure of the bands also results from the strong electron-phonon coupling, mainly in the bromide and iodide matrices (Fig. 3) .
Intensity analysis
The lasing behaviour of the powdered samples depends strongly on the radiative transition probabilities and also on the various emission quenching phenomena. The small influence of temperature on the emission efficiency of the K 2 PrCl 5 crystal has been shown in our previous reports. The concentration affects strongly the emission efficiency in all the investigated systems. Since we have observed previously an increase of the f-f transition intensity in the powdered systems, thus an effort has been made to establish the differences between the radiative transitions probabilities between the crystals and the powdered samples.
The absorption spectra of Pr 3+ in the visible and IR regions involve the parity forbidden 4f-4f transitions from the 3 However, this transition is not easily seen in the absorption spectra because it occurs in the 1800-2000 nm region and is usual overlapped by the IR-active transitions of the lattice. The discussion of the results presented in [24] is not acceptable because the net intensity can be evaluated by the comparative measurements of the Pr 3+ crystal versus the isotypic single crystals of the lanthanum compound, as it has been discussed by us [22] .
It should be noted that the dilution of the crystals does not lead to the same concentration of the active ions as the procedure implies. This conclusion comes from the comparison of the number of the cooperative components in the low temperature spectra of the ternary praseodymium On the other hand, the studies of the effect of the cooperative interactions on the f-f transitions intensities seem to be important. We have published recently the results of the intensity analysis for lanthanide bromides, molibdates and a tungstanate (0.01-1 mol/% concentration) as well as for the series of the dimer lantanide single crystals with aminoacids [25, 26] . The nonlinear relationship of the intensities versus the concentration has been found [25] . Moreover, a decrease of the intensities with an increase of the concentrations has been detected for some transitions [26] Unexpectedly high oscillator strength values in the spectra of the K 2 LaCl 5 :5%Pr 3+ :2%Yb 3+ crystal can be noted, also. The f-f transition intensities for the crystals with the same concentration of the active ions should be similar, providing the structure is not distorted. A completely different behaviour has been observed in our case. This difference could suggest that in the crystals codoped with the Yb 3+ ions pair Pr 3+ ions interaction becomes less efficient and/or some sub-lattices are created in the structure. This hypothesis needs additional studies of the crystals with the different concentrations of the Pr 3+ :Yb 3+ active ions.
Decay times
The decay times of the 3 P 0 emission at 293 and 77 K are displayed in Fig. 4a and Table 3 . The temperature and concentration dependencies of the decay times are observed (see Fig. 4 and Table 3 ). The decay times are mainly monoexponential functions.
The decay time of the fully concentrated ternary chloride crystals is very short and equal 126 ns [17] . A decrease of the temperature leads to an increase of the decay times but they are still short and equal 10.5 ls for the 5 mol/% sample at 77 K. The decay curve is purely exponential for the 3 P 0 emission and the determined s increases drastically to 3.4 ls for the fully concentrated crystals at 77 K. The decay times at 293 K increase with the concentration decrease from 1.26 to 10.5 ls for the 5 mol/% crystal (see Table 3 ). It could suggest that the cross-relaxation process Table 2 Oscillator strength values (P AE levels. The up-conversion emission depends on the concentration of the Yb 3+ ions and the type of the halide matrices. The possible mechanisms of this emission have been already discussed in detail [15] , although a definite establishing of the most probable mechanism is still in progress. 
Conclusions

